Within the mammalian inner ear there are six separate sensory regions that subserve the functions of hearing and balance, although how these sensory regions become specified remains unknown. Each sensory region is populated by two cell types, the mechanosensory hair cell and the supporting cell, which are arranged in a mosaic in which each hair cell is surrounded by supporting cells. The proposed mechanism for creating the sensory mosaic is lateral inhibition mediated by the Notch signaling pathway. However, one of the Notch ligands, Jagged1 ( 
T he sensory patches of the inner ear offer an excellent developmental system in which to study both regional and cell fate specification (reviewed in ref. 1) . Within the mammalian inner ear there are six separate sensory regions. Five of these regions perform vestibular functions, whereas just one, the organ of Corti, operates as the auditory transducer. Exactly how these sensory regions are specified remains largely unknown, although there are now several known genes that mark these areas from very early in development (2) (3) (4) . The sensory regions are populated by two general cell types: the mechanosensory hair cell and the supporting cell. These cells are arranged within the epithelium in an organized and invariant fashion, such that each hair cell is surrounded by supporting cells. In the organ of Corti the pattern is even more prescribed, in that the cells are further arranged into tightly organized rows. In the mouse organ of Corti there are three rows of outer hair cells and one row of inner hair cells. The proposed mechanism for creating the sensory mosaic is lateral inhibition, in which a cell differentiating as one cell type (in this case a hair cell) prevents the surrounding cells from differentiating as the same cell type, thus creating a mosaic of cell types (5, 6) . The Notch signaling pathway is known to mediate lateral inhibition in other systems (reviewed in ref. 7) , and both expression analysis and perturbational experiments have supported a role for this pathway within the inner ear. For example, the Notch ligands Delta-like 1 (Dll1) and Jagged2 (Jag2) are expressed within the nascent hair cells, whereas Notch1 is initially expressed throughout the ventral wall of the cochlea before hair cell differentiation but later becomes restricted to the supporting cells (4, 8) . Similarly, two members of the Hes family (Hes1 and Hes5), which are downstream effectors of Notch activation, are also expressed in the supporting cells and in the nonsensory cell types surrounding the organ of Corti (9, 10) . Loss-of-function studies involving Jag2, Hes1, and Notch1 show an increased number of hair cells, the expected result of disrupting lateral inhibitory mechanisms (8, 9, 11, 12) .
However, the role of one of the Notch ligands, Jagged1 (Jag1), has remained somewhat obscure, as it does not show an expression pattern wholly consistent with a role in lateral inhibition. In both chicken and mouse, Jag1 marks the sensory patches from very early in their development, perhaps indicating a role in sensory region specification (2, 4) . As differentiation proceeds in the mouse, Jag1 expression is then relegated to the supporting cells, where it colocalizes with Notch1 (4). It has been proposed, based on the early expression pattern of Jag1, that it has a role in defining boundaries, such as specifying sensory versus nonsensory epithelium within the ear (2), although there has been no experimental evidence to support this hypothesis. In addition, the expression of the Notch modulator lunatic fringe (Lfng), a member of a family of molecules known to be involved in defining boundaries (reviewed in ref. 13) , in domains similar to that of Jag1, lends further support to the idea that Notch signaling is involved in boundary formation in the inner ear.
Here we demonstrate that a mouse mutant, headturner (Htu), shows missing or smaller anterior and posterior ampullae, structures that house the sensory cristae. In addition there is a 33% reduction in the number of outer hair cells in the organ of Corti, although, interestingly, there is also a slight but significant increase in the number of inner hair cells and the presence of atypical hair cells. We demonstrate that Jag1 is the mutated gene responsible for these defects by identifying a missense mutation in the Jag1 gene in Htu mutants and by showing that Htu homozygotes die in utero at a similar time and because of defects similar to those of other Jag1 loss-of-function mutants.
Methods
Mice. The Htu mutation was generated in a large-scale N-ethyl-N-nitrosourea mutagenesis program in Neuherberg, Germany (14) . The Htu founder was identified because of a mild headshaking behavior. The colony was maintained on a C3HeB͞FeJ background. Embryos were taken from timed matings, and the This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: PECAM-1, platelet endothelial cell adhesion molecule-1; EGF, epidermal growth factor; DSL, Delta:Serrate:LAG-2; E, embryonic day; OHC, outer hair cell; Cm, coloboma.
day of the vaginal plug was considered day 0.5. Coloboma (Cm) mice were obtained from the Jackson Laboratory on a C3H͞ HeSnJ background. Heterozygote and wild-type Cm mice were distinguished by the presence or absence of iris colobomas at P3.
Mapping and Sequence Analysis. Htu͞ϩ mice on a C3HeB͞FeJ genetic background were outcrossed to C57BL͞6J mice, and their mutant progeny were backcrossed to C3HeB͞FeJ; backcrossing to C57BL͞6J led to a reduction in the penetrance of the phenotype, making classification difficult. A total of 155 offspring were obtained, of which 56 could be classified as Htu͞ϩ by their phenotype. Only mutants that could unequivocally be phenotyped as mutant were used for mapping to avoid the false negatives' interference with the analysis. The entire genome was scanned (15) , and additional chromosome 2 markers were selected for further genotyping and narrowing of the region. The ORF of Jag1 cDNA was amplified with the use of eight overlapping primer pairs (GenBank AF171092; primer sequences are available from the authors). The 5Ј untranslated region was amplified with the use of the Advantage GC cDNA PCR kit (CLONTECH). Amplicons were sequenced on an ABI-377XL DNA sequencer in both the forward and reverse directions.
Genotyping. PCR was done with the use of a forward primer at nucleotide position 1082 (5Ј-GTCCACGGCACCTGCAATG-3Ј) and a reverse primer (5Ј-GTGATAATGGACTGAACCTC-3Ј) that resides 169 bp into an intron, the preceding exon of which ends at position 1154. Because the mutation creates a FokI site, the PCR product was digested so that genotypes could be distinguished: wild types yielded a single 240-bp band; heterozygotes produced three fragments of 240 bp, 190 bp, 50 bp, and homozygotes yielded just the 190-bp and 50-bp bands.
Paintfilling. The paintfillings of the ears were performed in a way similar to that described for embryonic chickens (16) . Briefly, mice were decapitated and fixed in Bodian's fixative overnight and dehydrated in ethanol. Heads were bisected and cleared in methyl salicylate. The inner ears were injected via either the common crus and͞or cochlea with the use of a pulled glass capillary pipette (20-40 m diameter) filled with 1% gloss paint in methyl salicylate.
Scanning Electron Microscopy. Cochleas (n ϭ 6 Htu͞ϩ, 5 ϩ͞ϩ, aged 20 days; n ϭ 4 Cm͞ϩ, 2 ϩ͞ϩ, aged 3 days) were prepared by the osmium tetroxide-thiocarbohydrazide method as described (17) . For the hair cell counts, montages were made from the basal turns of the cochleas, extending between 600 and 1,200 m for each cochlea. Counts were not performed in the apical regions because these regions were more difficult to preserve and numbers of hair cells are known to vary more. However, a qualitative examination of these areas revealed a phenotype similar to that observed in the base.
Physiology. Mice (n ϭ 5 Htu͞ϩ; 5 ϩ͞ϩ; aged 60 to 83 days) were anesthetized with urethane, the middle ear was opened, and a recording electrode was placed on the round window of the cochlea. A closed sound system in the external ear canal was used to deliver calibrated tone bursts (15-ms duration, 1-ms rise͞fall time, 100-ms interstimulus interval, 200 repetitions per average). Thresholds for detection of a cochlear nerve compound action potential response were obtained in 2-to 3-dB steps. The endocochlear potential was measured (n ϭ 7 Htu͞ϩ, 5 ϩ͞ϩ, aged 60-83 days) with a micropipette electrode inserted in the basal turn scala media through the lateral cochlear wall.
Platelet Endothelial Cell Adhesion Molecule (PECAM) Immunohisto-
chemistry. Embryos and yolk sacs were fixed overnight in methanol͞DMSO (4:1), washed, and then incubated overnight at 4°C in anti-PECAM-1 (1:100; PharMingen). The next day embryos were washed before incubation in secondary antibody overnight at 4°C and detection the next day. (14) we identified a mouse mutant headturner (Htu) that showed dominant head-shaking behavior indicative of a vestibular defect. Investigation of the gross structure of the inner ear in Htu heterozygotes by paintfilling (n ϭ 47) revealed missing posterior and sometimes anterior ampullae and a truncation of those respective semicircular canals ( Fig. 1 B and  D) . The phenotype in which both ampullae were missing was more common (n ϭ 29) than the phenotype where just the posterior was absent (n ϭ 14). When present the anterior ampulla was small (Fig. 1D) . In a few cases (n ϭ 4) the posterior ampulla was present but very small. The vestibular regions (utricles and anterior and lateral cristae of six control and eight Htu͞ϩ ears) were dissected out at and examined by scanning electron microscopy. In one mutant ear the anterior crista was present, and examination revealed that in addition to being quite small (about half the size of the control crista; Fig. 1E ), the morphology of the sensory organ was also grossly abnormal. The mutant organ was much flatter than controls, and the nonsensory tissue that divides the crista (the eminentia cruciatum) was absent (Fig. 1F) .
Results

Inner Ear Defects in Htu͞؉ Mice. With an N-ethyl-N-nitrosourea mutagenesis approach
Studies of the organ of Corti in Htu heterozygotes by scanning electron microscopy at postnatal day (P) 20 revealed defects within this sensory region. In many regions of the epithelium, instead of the normal three rows of outer hair cells there were only two rows, and in some regions there was only one row (Fig.  2) . Hair cell counts in the basal turn of wild-type and Htu͞ϩ cochleas revealed a 33% reduction in the number of outer hair cells in mutants when compared with controls (Fig. 3A) . Interestingly, the number of inner hair cells was increased slightly, with occasional cells appearing in a second row toward the inner sulcus. We also observed ''atypical'' hair cells that exhibited the bundle morphology of outer hair cells but resided in the inner hair cell row (Fig. 2C) , resulting in an overall increase in the number of inner row hair cells (inners and atypicals) of 17% (Fig.  3B ). Despite these patterning anomalies in the organ of Corti, Htu͞ϩ mutants were not deaf but had slightly raised thresholds for compound action potentials, an indication of cochlear nerve responses (Fig. 3C ). These differences were not significant. Endocochlear potentials were the same in the two groups (Htu͞ϩ mean 111.0 Ϯ 2.0 SEM; ϩ͞ϩ mean 112.7 Ϯ 2.9), suggesting that the stria vascularis was functioning normally.
Mapping and Sequence Analysis. Htu was mapped to a 6.6-centimorgan region on mouse chromosome 2 between markers D2Mit399 and D2Mit280, located 60.1 to 66.7 cM, respectively, from the centromere. We considered the Jag1 gene, which also mapped to this region (18) , to be a good candidate for Htu because it was known to be expressed in the sensory regions of the ear (2, 4) . In addition, a study of the temporal bones of four patients with Alagille syndrome, which is caused by mutations in JAG1 (19) , revealed that these patients exhibited semicircular canal defects virtually identical to those observed in the Htu͞ϩ mice (20) . As the particular combination and type of canal defects in Htu appear to be unique (with the exception of the human report), we considered this similarity to be significant.
Sequence analysis of the coding region of Jag1 in Htu mutants revealed a G3A missense mutation at position 1134, resulting in a nonconservative amino acid substitution of a glycine by an aspartic acid residue (Fig. 4A) . We have several reasons for proposing that this change is the causative mutation. First, on sequence comparison with other species, this glycine residue was found to be conserved in all Jagged͞Serrate molecules found in (B) The total number of inner hair cells is increased slightly (but significantly) in Htu͞ϩ mutants. This increase is due to a significant increase in the number of cells in the second row (which are seen occasionally in controls), rather than a change in the packing density, as there was no difference in the number of hair cells within the normal (first) row of inner hair cells. Atypical cells, which were never observed in control cochleas and were not included in the inner hair cell counts, occurred at about the same frequency as the extra inner hair cells ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.
001; Student's two-tailed t test). (C)
Compound action potential thresholds from the five littermate controls (solid line Ϯ SEM) and the five mutants (dashed line Ϯ SEM), aged 60 -83 days, showing that thresholds were slightly higher for the mutants at all frequencies, although these differences were not significant (P Ͼ 0.05; Student's two-tailed t test).
vertebrates (Fig. 4B) . Second, the amino acid change occurs in the extracellular domain of Jag1, in the second of the 16 epidermal growth factor (EGF)-like repeats (Fig. 4A) . This second repeat, along with the first, has been shown to be important for the formation of a high-affinity complex with Notch (21) . Moreover, missense mutations in the second EGFlike repeat of JAG1 have been found in patients with Alagille syndrome (22) , and amino acid changes involving conserved glycine residues in the EGF-like repeats of Notch and its ligands have previously been been found to cause pathology in several different species (23) (24) (25) (26) (27) (28) . Finally, another mutant (slalom) derived from a separate N-ethyl-N-nitrosourea mutagenesis program (29) has been identified as having a phenotype similar to that of Htu͞ϩ mutants and contains a mutation in the Jag1 gene (30) .
Homozygote Phenotype of Htu Mutants. Mice that are homozygous for either an allele of the Jag1 gene in which the Delta:Serrate:LAG-2 (DSL) domain has been removed (Jag1 dDSL ) or homozygous coloboma (Cm) mice, which have a Ϸ1.1-to 2.2-cM deletion of the region encompassing the Jag1 gene (31), do not survive beyond embryonic day (E) 11.5 because of defects in vascular remodeling (18) . We were therefore interested in determining whether Htu homozygotes were dying because of similar defects. Fourteen litters from Htu͞ϩ X Htu͞ϩ matings were examined between E10.5 and E11.5 (n ϭ 104 embryos; 23 homozygotes). Htu͞Htu embryos were identified by genotyping (see Materials and Methods) and appeared to be dying around E11.5, similar to the other Jag1 mutants. Strikingly, in all of the homozygotes examined at E11.5 there was either an absence or a great reduction in the number of large blood vessels in the yolk sacs, and the embryos themselves were hemorrhagic (Fig. 5) , consistent with defects in the vascular system. Almost all of the homozygote embryos examined at E11.5 appeared to be delayed in development by a day or a half a day. In some cases an expanded pericardium or kinky neural tube was observed in the homozygote embryos (data not shown), abnormalities that were also detected in Notch mutants (32, 33) . Whole-mount immunohistochemistry with an antibody recognizing a cell surface marker for endothelial cells (PECAM-1) confirmed the reduction of large blood vessels in the yolk sacs of the mutants and revealed less branching of vessels in the head region of the embryo in the mutants as compared with controls ( Fig. 5 E  and F) .
As the homozygote phenotype was different from the heterozygote phenotype, this difference allowed a complementation test to be performed with the slalom mutant, another N-ethyl-N-nitrosourea-induced mutation that demonstrates a phenotype similar to that of Htu, and showed a different missense mutation in the second EGF-like repeat of the predicted Jag1 protein (30) . Analysis of 24 embryos at E12.5 from Htu͞ϩ ϫ Slm͞ϩ litters showed noncomplementation in that all five embryos that carried both mutations [confirmed by genotyping; see Materials and Methods (30) ] showed an absence of blood vessels in the yolk sacs, and the embryos themselves were either necrotic (4͞5) or hemorrhagic (1͞5), indicating allelism. Inner Ear Defects in Coloboma (Cm͞؉) Mice. We were interested in examining known loss-of-function alleles of Jag1 to see whether they displayed inner ear defects similar to those displayed by Htu͞ϩ mutant mice. Because Jag1 knockout mice were on a C57BL͞6J background and were reported to lack behavior indicative of a vestibular defect, we considered it likely that the ear phenotype was modified in this strain because the headshaking of the Htu͞ϩ mice was also lost with backcrossing to a C57BL͞6J strain (see Materials and Methods). Therefore we examined the inner ears of Cm͞ϩ mice, which were on a C3H background and were reported to show behavioral defects, by paintfilling and scanning electron microscopy at P3 (n ϭ 4 Cm͞ϩ; 2 ϩ͞ϩ). The results of this analysis revealed that all four Cm͞ϩ ears showed anterior and posterior canal truncations near the ampullae, whereas the lateral canal was normal, and the respective ampullae were small or absent, similar to Htu͞ϩ mutants (data not shown). A minor difference in the Cm͞ϩ phenotype when compared with Htu͞ϩ ears was that in two of the mutant ears the ampulla was present (although very small), but the canal was still truncated. In Htu͞ϩ ears when the ampullae were present the canal was always complete.
Examination of the organ of Corti of the Cm͞ϩ mutants revealed similarities to Htu͞ϩ mutants, but also differences. Extra hair cells in the inner hair cell row were observed in both the base and apex of Cm͞ϩ mutants, similar to Htu͞ϩ mutants (Fig. 6 ). In the basal and middle regions of the Cm͞ϩ cochleas, regions of only two rows of OHCs were present (similar to Htu͞ϩ mutants), but these regions occurred only occasionally and extended for short distances (5-40 m), representing a much milder phenotype when compared with Htu͞ϩ mutants (Fig. 6  A and B) . In contrast to Htu͞ϩ mutants, however, in the very apical 10-35% of the cochlea Cm͞ϩ mutants showed an increase in OHC rows, demonstrating 4-5 rows of OHCs instead of the normal three (Fig. 6 C and D) .
Thus the similarities of the inner ear defects in Htu͞ϩ and Cm͞ϩ mutants provide further evidence that the missense mutation in the Jag1 gene in Htu mutants is causative. Intriguingly, the differences in the cochlear neuroepithelial defects between Htu͞ϩ and Cm͞ϩ indicate that the effect of the missense mutation may be more complicated than simple haploinsufficiency in some areas (see Discussion).
Discussion
Our findings indicate that Jag1 plays an important role in the specification and͞or maintenance of several of the sensory organs in the inner ear, including the anterior and posterior cristae and the organ of Corti, consistent with its early expression in these sensory regions. Whether the entire ampulla is specified by Jag1 or its absence is an indirect result of loss of the crista remain to be determined. However, because Jag1 is primarily expressed in the crista and not the ampulla (4), an indirect role in ampulla development may be the more probable one. It is also unclear why the anterior and posterior crista are the most severely affected sensory organs when Jag1 is known to be expressed in all sensory regions, but it may be that these sensory organs are most sensitive to functional Jag1 levels.
Overall, the similarities of the phenotypes of Htu mutants with other presumed loss-of-function Jag1 alleles (Jag1 dDSL and Cm mutants) suggest a loss-of-function effect of the missense mutation found in Htu mutants. For example, the homozygote phenotype is similar to those of both Jag1 dDSL and Cm homozygote mutants, the semicircular canal phenotype is similar to that of Cm͞ϩ mutants, and the patches of only two rows of OHCs and extra hair cells in the inner row are similar to the phenotype observed in the basal and middle turns of the Cm͞ϩ cochlea. Indeed, because the second EGF-like repeat of Jag1 has been shown to be important for a high-affinity complex with the Notch receptor (21), a mutation in this region of the protein may destabilize ligand͞receptor binding. However, the fact that the phenotype in the basal and middle turns of the organ of Corti in Cm͞ϩ mutants is much milder in terms of OHC numbers than the phenotype in the Htu͞ϩ organ of organ of Corti indicates that the Htu mutation may cause a dominant-negative effect in this context. In support of this possibility, another missense mutation in the second EGF-like domain of another Notch ligand, zebrafish deltaA, has also been reported to act in a dominant-negative manner (34, 35) .
The presence of extra rows of OHC in the apex of Cm͞ϩ mutant cochleas is intriguing, as it is not observed in Htu͞ϩ mutant cochleas. Interestingly, it has been reported that using antisense oligonucleotides directed against Jag1 mRNA in cultures results in an increase in both inner and outer hair cell rows in the organ of Corti (12) . One possibility is that Jag1 may have two roles: an early one, in which Jag1 specifies or maintains the sensory organs, and a later one, in which it plays a role in lateral inhibition [perhaps by increasing activation of Notch in the supporting cells (36) ]. Indeed, its expression pattern in the ear suggests the possibility of two roles because it changes from being expressed throughout the entire sensory region early in development to just the supporting cells during hair cell differentiation (2, 4) . In the antisense experiments Jag1 levels were only being reduced around the time of differentiation (E18-P0 rat) and thus may only be affecting the second putative role of Jag1 in lateral inhibition. Similarly, early in development the apical regions of the cochlea may be less sensitive to a change in Jag1 levels, and therefore it may be that only the second Jag1 role is being affected in the milder Cm͞ϩ allele. A dual role for Jag1 may also explain why we observe an increase in the number of hair cells in the inner hair cell row of Htu͞ϩ and Cm͞ϩ mutants, as this increase may also reflect interference with a later function of Jag1. Alternatively, the organ of Corti phenotype may be explained by a failure to maintain borders on both the inner and outer sides, resulting for unknown reasons in an expansion of the hair cell region at one border (the inner side) and a decrease (or sometimes an increase) in the hair cell region at the other (outer) border. A previous study has already shown that these two boundaries may be controlled in different ways: a double knockout of Jag2͞Lfng suppressed the effects of the Jag2 knockout on the expansion of the inner hair cell row but not the outer hair cell row (11) . It is important to keep in mind, however, that the phenotype of the Cm͞ϩ inner ear could be complicated by the loss of another gene(s), as at least one other gene known to be deleted in the Cm mutation (Snap25) is expressed in the ear (37) . Furthermore, the genetic backgrounds of the Cm and Htu mutants are slightly different, and this difference may contribute to some of the differences observed between the two phenotypes. Therefore it will be important to compare the Htu͞ϩ mutants to the Jag1 dDSL ͞ϩ mutants on a similar genetic background.
Our results provide experimental evidence of a role for Notch signaling in the inner ear other than its known role in mediating lateral inhibition. Based on the phenotype of Htu͞ϩ and Cm͞ϩ mutants, the known expression pattern of Jag1 (2, 4) , and the expression in the sensory patches of a molecule known to be important in boundaries (Lfng) (3), we suggest that Notch signaling may be important in the creation or maintenance of sensory͞nonsensory boundaries in the inner ear.
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